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Abstract 
Banana (Musa spp.) is one of the most valuable global agricultural commodities, with 
commercial plantations responsible for supplying nearly 15% of total global banana 
production. These plantations are underpinned by major infrastructural investments and a high 
dependence on fertilizer, pesticide and irrigation inputs. In contrast, smallholders and 
subsistence farmers often cultivate bananas for local markets with minimal inputs. Water 
stress due to increasing rainfall variability and competition for water resources are emerging 
as major production constraints for both commercial and smallholder production. Water 
stress-induced yield losses of up to 65% have been reported due to loss in bunch weight even 
in moderate to low rainfall areas. Thus, investments in more efficient irrigation systems and 
water-saving technologies are being widely promoted to increase water productivity through 
improved scheduling to reduce drainage and runoff losses. This paper synthesises scientific 
and industry evidence on crop growth and development including root and shoot 
development, plant water relations, and yield response to water. It also critiques the 
importance of irrigation scheduling for maximising irrigation efficiency. New evidence to 
support the synchronization of irrigation with crop water demand to reduce environmental 
impacts is provided. High variability in crop water demand (1200 to 2690 mm per year) was 
found to be linked to cultivar choice, crop development cycle, and fluctuating conditions in 
environmental and edaphic factors. The findings confirm that irrigation should be scheduled 
at moderate levels of soil water deficit sufficient to promote deep and extensive rooting while 
maintaining banana quality. Management practices are recommended to mitigate water stress 
without compromising yield under limited rainfall and irrigation conditions. The ratooning 
cycle of banana also affects rooting activity and crop coefficients (Kc) compared to other 
annual crops. These aspects need to be considered when improving irrigation and crop 
modelling for banana. The findings provide valuable new insights and evidence for scientists 
and practitioners involved in banana research and management. 
Keywords: Agriculture; irrigation; scheduling; soil management; yield 
1. Introduction 
Banana is a fruit crop with the highest global production (127.3 million tonnes), and ranked 
fourth in terms of agricultural commodity value (63.6 billion US$) after rice, wheat and milk 
(Ploetz et al., 2015; FAOSTAT, 2018). India contributes nearly a third (29%) of total global 
production, followed by China, the Philippines, Brazil and Ecuador (Figure 1). Given its 
concentration in tropical regions, 15% of total production is exported to non-producing 
regions with the remaining produce then traded in domestic markets for local consumption 
(Heslop-Harrison, 2009; Varma and Bebber, 2019). In addition to market demands (export, 
local or subsistence), banana production also depends on various factors including cultivar 
type, agroclimatic conditions, soil type and disease risk. Broadly, the systems for banana 
cultivation and management are classified based on climate (tropical or subtropical) and type 
(dessert or cooking) (Purseglove, 1972; Stover and Simmonds, 1987). Among the different 
production systems, tropical bananas for export are mainly dessert and grown in Central and 
South America, the Caribbean, West Africa and Philippines. These are of the Cavendish sub-
group (Musa AAA) and form the basis of major part of traded (15%) and local consumption 
(28%) worldwide (Ploetz et al., 2015). Bananas are also important for income generation and 
employment for millions of households and a significant source of foreign currency for 
countries such as Ecuador, Philippines, Costa Rica, and Colombia. 
Figure 1 Global banana production (million tonnes) in 2014. Data sources: UN FAO and 
Ritchie (2014).
Banana production is divided into two distinct systems, (i) large scale commercial agro-export 
orientated plantation estates, and (ii) smallholder farms typically acting as ‘outgrowers’ for 
the larger estates. The latter are typically owned by multi-national companies which control 
production, transport and distribution of bananas with high levels of output supported by 
significant infrastructural investment. Most plantations are large (>1000 ha) and equipped 
with extensive infrastructure to support high quality production (Robinson and Sauco, 2010; 
Wiley, 2008). In contrast, smallholder family farms typically have areas of 10 to 50 ha and do 
not meet export market criteria because of their low output and traditional management 
techniques (Wunder, 2001). Quality fruit production for market export depends on five main 
factors: (a) soils and plant nutrition, (b) drainage and irrigation, (c) types of cultivars grown 
(d) planting densities and sucker management; and (e) disease management. A deficiency in 
any of these factors may negatively impact on fruit quality and yield. 
Water scarcity is a major threat to global agriculture and defined as a shortage of water in the 
root zone resulting in reduced crop yields (Salekdeh et al., 2009). Global climate change-
related events such as extreme weather are predicted to increase: precipitation intensities will 
be heavier and dry spells will be longer over the 21st century (Fischer et al., 2013; Wang et al., 
2017). The magnitude of these events is also expected to increase which will exacerbate the 
sustainability of many agricultural systems and threaten long-term productivity and food 
security (IPCC, 2014). The projected increase in dry spells will increase evapotranspiration 
(ET) rates which when combined with unevenly distributed rainfall will deplete soil moisture 
and lead to increased crop water stress. Irrigation will inevitably become more important as a 
buffer against more extreme climate variability and rainfall uncertainty. 
Bananas have a high demand for water with supplemental irrigation often needed to maximise 
yield (Kumaran and Muthuvel, 2009; Pawar et al., 2017). Originally grown in tropical 
regions, cultivation has expanded across a much wider range of both tropical and sub-tropical 
climates exposing production to extended dry periods (Stover and Simmonds, 1987; Van 
Wesemael et al., 2019). In contrast to many other crops, banana has a development cycle from 
transplanting to harvest of circa 10-14 months under optimum conditions, but this can be 
delayed when crop water supply is unreliable (Robinson, 1996; Van Wesemael et al., 2019). 
According to Van Asten et al. (2011), a deficit of 100 mm monthly rainfall during the banana 
crop cycle can reduce bunch weight up to 9%. It has also been reported that regions with less 
than 1100 mm year-1 rainfall may suffer yield losses of between 20-65% compared to yield 
potential. Climate models predict a 50% increase in yield and lands suitable for bananas in the 
subtropics and the tropical highlands due to the increase in temperature and precipitation by 
2070 (Calberto et al., 2015). Varma and Bebber, (2019) reported that global banana yield 
changes are driven by an increase in temperature over the recent past. However, temperature 
increases will correspondingly lead to increased irrigation water demands (Adhikari et al., 
2015), which are projected to rise by +12 to +15% (Washington and Pearce, 2012). Higher 
temperatures will also increase pest and disease risks. In this context, the aim of this paper 
was to critically review and assess evidence on crop growth including shoot and root 
development and specifically the phenological aspects that are directly impacted by abiotic 
stress and irrigation management. Developing an improved understanding of these aspects 
will be fundamental in formulating strategies to mitigate future climate and water-related 
production risks. 
2. Crop growth and development 
This section focuses on the growth and development of both vegetative and reproductive 
structures of Cavendish subgroup bananas in the context of water stress. Banana is different 
from other annual crops because of its ratooning (Figure 2): initially a clonally propagated 
mother plant is transplanted and develops to produce the “mother plant crop” (MC), 
meanwhile successive suckers arising from the mother plant rhizome are then selected for 
regrowth which give rise to successive ratoon crops (RC1, RC2 etc.). After a mother plant or 
ratoon is harvested, it is kept in place to support the supply of water and nutrients for the next 
succession of suckers through their strong vascular connection (Lassoudière, 1980; Stover and 
Simmonds, 1987). Unwanted suckers are removed to avoid the competition for water, light 
and nutrients. Ratooning is important for commercial banana production as it facilitates 
multiple cropping for many years and helps to reduce field management inputs. However, 
after 3 to 8 ratooning cycles, the plants need to be replaced with disease-free transplants to 
avoid a gradual yield decline (Heslop-Harrison, and Schwarzacher, 2007). The duration of 
each crop cycle depends on soil fertility, agronomic practices (e.g. mulching) and selection of 
healthy suckers (Blomme et al., 2008). 
Figure 2 Typical banana ratooning system and rooting activity with three growing cycles 
showing mother plant crop (MC), first ratoon crop (RC1) and second ratoon crop (RC2) and 
corresponding crop coefficient (Kc) values. Adapted from Santosh and Tiwari (2019). 
2.1. Shoot development 
The main banana aerial shoot is a pseudostem that initiates from the apical meristem of the 
rhizome (below ground stem). The main shoot grows to a height of 2 to 8 m depending on the 
cultivar (Carr, 2009), and is determinate. Subsequent growth occurs via development of 
suckers (also known as “followers”) from the lateral buds on the rhizome (Norman et al., 
1984). The pseudostem is composed of the rolled and encircled leaf sheaths that emerge from 
the compact true stem at the base of the pseudostem; the internodes in this true stem remain 
very short (Carr, 2009). The vertical physical support of the shoot is entirely dependent on the 
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leaf sheaths of the pseudostem. The leaf area of an individual mature leaf and a whole plant 
varies between 2 to 3 m2 and 17 to 25 m2, respectively (Stover and Simmonds 1987). 
Depending on the cultivar, growing season and plant density, the leaf area index (LAI) of an 
individual plant canopy may reach five at maturity in well-managed plantations (Stevens et 
al., 2020). A LAI of 4.5 was reported to be optimum for a banana canopy to intercept about 
90% of total incoming solar radiation (Turner, 1990; Turner et al., 2007). 
Water stress in banana is visually apparent as reduced growth and reduced leaf size, and 
increased leaf senescence (Kallarackal et al., 1990; Turner and Thomas, 1998). Wilting and 
tearing of the leaves (laminae tear into strips) are also indicators of water stress under windy 
and hot dry conditions (Taylor and Sexton, 1972). Tearing of leaves reduces the net 
photosynthesis rate of the plant by transforming the leaves into small leaflets (Turner, 1997). 
In sub-tropical South Africa, severe leaf tearing is often associated with smaller plants, 
reduced leaf areas and a reduction in rates of photosynthesis (Eckstein et al., 1996). The most 
sensitive indicator of soil water deficit stress is the rate of emergence of new leaves 
(Kallarackal et al., 1990; Hoffmann and Turner, 1993; Turner and Thomas, 1998). For 
example, emergence of new leaves was observed to stop in container-grown Cavendish plants 
in Australia when a soil water potential (SWP) of -65 kPa occurred for 2 to 10 days in a 
rapidly drying soil with evaporation rates of 8 to 10 mm day-1, but not at a SWP of -50 kPa 
for 25 days in a slowly drying soil with evaporation rates of 3 to 4 mm day-1 (Hoffman and 
Turner, 1993). It was also reported that the leaf elongation rate (typically 80 mm day-1) from 
the pseudostem was reduced when soil moisture stress occurred between -10 to -80 kPa for 
container-grown Cavendish plants. 
2.2. Root development 
The banana root system is adventitious (arising from stem tissue), spreading widely and 
formed of abundant branching shallow roots, that results in a dense shallow rooting mat. It 
comprises adventitious root axes (cord roots), and primary and secondary laterals. The cord 
roots are straight and cylindrical and can grow up to a length of 3 to 5 m and diameter of 4 to 
10 mm (Draye et al., 2005). Root hairs are present just behind the root apex, and measure up 
to 2 mm in length (Leville, 1964). Cord roots play a major architectural role in distributing the 
primary and secondary laterals in soil (Sebuwufu et al., 2004). This may imply that plants 
with a higher number of cord roots have the potential to increase their root length and surface 
area for water and nutrient absorption. The roots of larger diameter tend to concentrate near 
the pseudostem of the plant within a depth of 0.4 m (Sant'Ana et al., 2012). The primary and 
secondary laterals and root hairs typically remain active for 8, 5 and 3 weeks, respectively 
(Robinson, 1987), whereas the life of cord roots for Cavendish cv ‘Williams’ varied from 4 to 
6 months under South African conditions (Robinson, 1987). The root grows steadily until 
flowering. Several researchers have reported the distribution and development of banana roots 
in specific local environments and soil conditions (Carr, 2009). For example, Shmueli (1953) 
reported that the root distribution of an irrigated dwarf Cavendish variety in the Jordan Valley 
(Israel) was concentrated to a depth of 0.45 m for the mother plant, with very few roots 
deeper than 0.6 m. In that study, the maximum root depth reached 0.3 m for suckers with 13-
14 visible leaves. 
The soil moisture regime has a direct effect on both the number of roots, their development 
and distribution (Chapion, 1968). However, limited published literature is available on banana 
roots and their responses to changing soil water regimes. Banana roots can extract water only 
at relatively high (small negative) values, typically at soil water potentials (SWP) down to -45 
kPa; this highlights their poor water absorption ability (Hedge, 1988) relative to other crops 
such as rice, which extract water from SWP down to -110 kPa (Dasgupta et al., 2015). In 
South India, Krishnan and Shanmugavelu (1980) reported the effects of root distribution of 
Cavendish cv. Robusta to three irrigation regimes (20, 40 and 60% depletion of available soil 
moisture). They found that the overall root biomass was not significantly affected; however, 
an increase in water stress resulted in slightly deeper (0.74 m) and wider (3.24 m) rooting 
systems than the less water-stressed plants with a depth and width of 0.69 m and 2.88 m, 
respectively. In addition to the soil water regime, the irrigation application method, soil types 
and planting season also influenced the root distribution. Lahav and Kalmar (1988) reported 
that roots of drip-irrigated bananas (Cavendish cv. Williams) could grow vertically down to 1 
m with 75% of roots found between 0 and 0.6 m. The effective depth of rooting for a medium 
textured soil increased from 0.4 m at 3 months after planting to about 0.6 m at 12 months after 
planting (Bassoi et al., 2004). This rooting pattern leads to a recommended irrigation schedule 
assuming a rooting depth of 0.4 m for the first 9 months from planting and subsequently 0.6 
m (Bassoi et al., 2004). Robinson and Bower (1988) observed the seasonal root growth of 
irrigated banana (Cavendish cv. Williams) in a field trial in Malelane, South Eastern 
Transvaal. In their study, they found that maximum root extensions of cord roots (275 mm 
week-1) occurred in late summer (daily evaporative demand of 8 mm) before declining during 
the autumn (daily evaporative demand of 5 mm). The root extensions during late summer may 
be linked to a higher transpiration rate of 0.97 mm mm-1 of potential evaporation compared to 
winter with a transpiration rate of 0.61 mm mm-1. Irizarry et al. (1981) studied root 
distributions in banana grown in three different soil types (Ultisols, Entisols and Inceptisols) 
at five different locations in the humid tropics. The concentration of cord roots decreased with 
soil depth for all soil types. Most of the roots were distributed within 0 to 0.3 m and were 
rarely were found below 0.45 m where there was a relatively impermeable soil layer. A 
summary of published literature on banana root distribution characteristics in relation to 
different soil types is summarised in Table 1. It should be noted, however, that root 
distribution is also dependent on any constraints in top and sub-soil depth and resistance, not 
only on intrinsic developmental pre-programmed growth; the characteristics of specific soil 
profiles may therefore explain different observations from different studies and locations. 
Table 1 Synthesis of evidence on banana rooting distributions for different soil types.
Rooting distribution and depth 
characteristics 
Soil type Location Reference 
12 % of roots distributed below 0.6 m Sandy clay 
loam 
Costa Rica Araya et al., 
(1998) 
Most roots within 0-0.15 m and no roots 
observed below 0.8 m 
Ultisol Nigeria Blomme 
and Ortiz, 
(1996) 
Most roots distributed within 0.6 m vertically 
and 0.5 m laterally 
Sandy clay 
loam soil 
Brazil Silva et al., 
(2013) 
80% of roots at 0.61 m, 0.51 m and 0.61 m 
depth and distance of 0.63 m, 0.66 m 0.79 m 
from the pseudostem for drip, micro and 





Brazil Sant' Ana et 
al., (2012) 
Until 91 days after planting, most roots 
observed to a vertical depth of 0.4 m; roots also 




Brazil Bassoi et 
al., (2004) 
Roots grow vertically to a depth of 1 m with 
75% in the top 0.6 m in drip-irrigated bananas 
Brown 
vertisol soil 
Israel Lahav and 
Kalmar 
(1988) 
88%, 9% and 3% of the vertical root 
distribution with soil depths of 0-0.6 m, 0.6-0.8 
m and > 0.8 m, respectively 
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2.3. Flower development 
The Cavendish subgroup typically produces 40-50 leaves before floral initiation in lowland 
tropical areas (Carr, 2009). Floral development involves elongation of internodes of the true 
stem and its emergence through the cylindrical core formed by the leaf sheaths of the 
pseudostem. The period from floral initiation to bunch emergence is termed the floral phase. 
The flowers are arranged in nodal clusters in two rows on transverse cushions (crown) of an 
inflorescence (Carr, 2009). The first nodes of the flowers are female and the last nodes are 
male. Female flowers develop into fruit without pollination (Purseglove, 1972). The 
inflorescence on a banana plant behaves positively geotropically by hanging in a pendulous 
position. Water stress during flowering affects the bunch growth and the flower numbers. In 
one study on St Lucia using Cavendish cv. Robusta, Holder and Gumps (1982) reported a 
significant reduction in the number of female flowers in continuously water-stressed plants 
(not irrigated throughout) compared to well-watered plants (SWP > -50 kPa and available soil 
moisture above 75%). That study also reported that an unlimited irrigation supply for 120 to 
180 days after planting, coinciding with flowering can increase the production of female 
flowers by up to 8.6% and 34% compared to continuously watered (irrigated) and 
continuously water stressed (unirrigated) plants, respectively. 
2.4. Fruit development 
Individual flowers develop into fingers which are then clustered together in a node (known as 
“hand”) with multiple nodes comprising a bunch. The interval between inflorescence (bunch) 
emergence to harvest is seasonally variable, ranging from 90 to 110 days during summer 
season to 200 days during autumn season crops grown in the tropics and sub-tropics. The 
average bunch mass of the Cavendish subgroup in the tropics varies between 30-35 kg, but 
may reach up to 50 kg in the subtropics for ratoon crops (Robinson and Nel, 1989; Carr, 
2009). Goenaga and Irizarry (2000) reported that water stress applied by reducing the average 
monthly irrigation application from 202.2 litre/plant to 50.2 litre/plant in Cavendish cultivars 
could reduce the absolute bunch yield up to 18%, 37.9% and 37.4% for plant crop, first ratoon 
and second ratoon, respectively. Water stress before bunch emergence reduced the number of 
hands and fingers; however, water stress after bunch emergence reduced the size of fingers 
and delayed the fruit filling (Watson and Daniells, 1983; Mahouchi, 2007). In a study at the 
National Research Centre for Banana (India) water stress was imposed by withholding drip 
irrigation at the flowering stage, which decreased bunch weight by 42% for Cavendish cv. 
Robusta (Ravi et al., 2013). The size of fingers and bunch fresh weight of banana cv. Grand 
Naine were reduced by 9% and 41%, respectively, after a continuous water stress treatment 
(gravimetric soil moisture reduced to 15%) was applied by withholding irrigation for 63 days 
after bunch emergence (Mahouachi, 2007). 
3. Plant water relations 
The water relations of a plant describe the combined effects of soil moisture availability, 
evaporative demand, internal hydraulic resistance and uptake capacity of roots. Banana 
contains laticifers (secretory cells producing latex) in the leaves, fruit and rhizome and these 
pose problems for the use of standard methods to measure water relations in the plant (Turner 
and Thomas, 1998). Despite the challenges posed from laticifers, the refractive index of 
exuded latex was correlated with water potential (Milburn et al. 1990; Thomas and Turner, 
2001). Subsequently, several other methods for measurements of the volumetric (leaf water 
content, specific leaf water content and relative water content) or thermodynamic (leaf water, 
osmotic and pressure potentials) tissue water status have been developed (Turner et al., 2007). 
In addition, the plant morphological techniques for measuring the extent of leaf folding and 
leaf (young) emergence have also been developed (Milburn et al., 1990; Thomas and Turner, 
1998; Zimmerman et al., 2010). However, all the above methods are destructive. Therefore, 
Lu et al., (2002) used a non-destructive sap flow method by measuring heat dissipation 
through the insertion of probes into the central cylinder of the banana rhizome to estimate 
water flow from the root system to the shoot. 
The most important physiological indicators used in experiments to manage water stress in 
bananas are stomatal conductance and net photosynthesis. These have a higher correlation 
with soil water potential from -1 to -60 kPa than leaf water status (Carr, 2009). Stomatal 
conductance reduced to 50% with a soil water potential of -65 kPa, which corresponded to 
approximately 54% depletion of available soil water compared to field capacity (Robinson 
and Bower, 1988). The leaf water potential for well-watered bananas varied by up to -0.35 
MPa. Based on a water stress trial in South Africa on Cavendish cv. Williams, Eckstein et al., 
(1996) recommended limiting the irrigation interval to 3 days and ensuring the SWP did not 
go beyond -15 to -20 kPa during the summer and autumn periods in order to maintain 
photosynthesis and leaf gas exchange rates. It was also reported that the SWP can be extended 
from -30 to -35 kPa during winter with no severe reduction in photosynthetic potential. 
Similarly, in another field experiment in Western Australia, Thomas and Turner (1998) 
reported that the net photosynthesis rate only reduced when the SWP exceeded -30 kPa (0.3 m 
soil depth) for Cavendish cv. Williams. 
4. Crop water requirements 
According to FAO 56, the crop water requirement is defined as the evapotranspiration losses 
from a well-watered crop under non-limiting soil conditions (Allen et al., 1998). This is 
fundamentally important for irrigation scheduling, as irrigation must substitute any soil water 
deficit arising from evapotranspiration losses. Relative to other crops, evapotranspiration 
amounts for banana varied have been reported to vary between 1200 mm and 2690 mm per 
year depending on soil and agroclimatic conditions (Robinson and Alberts, 1987). The high 
variability in evapotranspiration is also linked to the perennial herbaceous nature of the crop 
and their broad leaves which can take more than a year to complete a life cycle (Robinson, 
1995). Under semiarid conditions, the average monthly water requirement of 138 mm per 
plant can be used for optimal production of drip-irrigated bananas (Gonegas and Izziary, 
2000). It has also been observed that the monthly water requirement of bananas grown in an 
ultisol (clayey-mixed) is twice that of plants grown in an oxisol (fine soils with low clay 
content) (69 mm) and half of that of plants that grown in mollisols (humus rich soils) (277 
mm). Under humid tropic conditions, the recommended water requirement for bananas are 1 
to 1.4 of Class A pan evaporation (Stover and Simmonds, 1987; Diczbalis and Toohill, 1993). 
Purseglove (1978) estimated the minimal water requirement to be 25 mm per week with an 
average of 2000-2500 mm per year to achieve good growth. As a rule of thumb, in rainfed 
areas, a seasonal uniform rainfall of >100 mm per month throughout the year is essential for 
banana growth and production, although this depends on soil water holding capacity and crop 
rooting depth, and the environmental conditions that drive evapotranspiration (Ravi and 
Vaganan, 2016). Krishnan (1977) reported that a Cavendish cv. Robusta consumed 2150 mm 
water during the growing season to produce a good crop while maintaining 20% depletion in 
available soil moisture. Bhattacharyya et al. (1985) reported consumptive use of water to be 
up to 1560 mm for the Cavendish cultivar for soils kept at 20% depletion of soil available 
moisture. The wide variation of water use of bananas could be attributed to changes in 
cultivar, crop duration, and fluctuating conditions in environmental and edaphic factors. 
In addition to meeting crop evapotranspiration needs, irrigation can also be used as a means to 
control pest and disease risk. Irrigating soil to saturation or flooding in combination with 
application of soil organic matter to create anaerobic, reductive conditions, can be used to 
control Fusarium oxysporum (FOC), the cause of fusarium wilt, a widespread disease on 
bananas (Wen et al., 2015), and currently a major concern to future global banana production. 
5. Water use efficiency 
Water management for irrigated bananas under conditions of water scarcity has three major 
challenges, namely (i) minimising water losses, (ii) increasing yield and (iii) increasing water 
use efficiency (WUE) or “more crop per drop”. WUE has raised significant interest due to 
anticipated reductions in global freshwater availability, and the need to maximise crop 
production per unit of water used. It can be determined at different scales (Leakey et al., 
2019) but a useful agronomic measure of WUE for banana can be defined as the mass of fresh 
fruit per unit of water applied. Since farmers typically irrigate at much higher levels than 
recommended from irrigation research, WUE may be poor productivity metric (Metochis, 
1999). Excess irrigation causes waterlogging and nutrient depletion and can have negative 
consequences on yield. Improving WUE can thus contribute to water saving, releasing water 
resources to irrigate additional land, but studies that estimated banana WUE remain scarce. 
WUE expressed in terms of the yield of ripened fruits per unit of water applied have been 
reported to vary between 2.8 and 3.7 kg m-3 for Cavendish cv. Robusta grown in a sandy clay 
loam soil at the Indian Institute of Horticultural Research in Bangalore, India (Hegde and 
Srinivas, 1989). In a semi-arid environment in Brazil, the WUE varied from 1.10 to 1.32 kg 
m-3 (Teixeira and Bassoi, 2009). In a separate study, Akinro et al. (2012) reported WUE for 
drip irrigated bananas to range between 0.91 and 1.41 kg m-3 in south west Nigeria. The 
reported range of WUE for bananas is much higher than for maize, which typically varies 
between 0.3 and 2.7 kg m-3 (Bastiaanssen et al., 2003; Igbadun et al., 2006). WUE is also 
influenced by traits in crop type or cultivar (e.g. rooting depth, leaf morphology and stomatal 
behaviour) and climate, particularly the variable vapour pressure deficit (VPD) since high 
temperatures and low relative humidity drive higher transpiration rates  (Kissel et al., 2015) 
without directly influencing the assimilation of carbon. Maximum WUE of 1.43 kg m-3 and 
1.39 kg m-3 were achieved for a mother crop and ratoon crop grown under a weekly irrigation 
schedule, which maintained the soil water deficit within 37 to 43% at 0-20 cm depth and 35 to 
39 % at 20-40 cm depth in a sandy loam soil in West Bengal, India (Kuna, 2014). A reduction 
of soil water deficits below the optimal level by 10% will decrease the WUE by up to 54.9 to 
62.6% for mother crop and 53.4 to 57.7% for a ratoon crop, respectively. In the semi-arid 
climatic conditions in Sudan, a maximum WUE of 7.4 kg m-3 was reported in a clay soil with 
a hydroflume irrigation system that maintained soil water content between 40 to 62% at 0-40 
cm soil depth (Ali et al., 2015). The key options available to farmers to improve WUE relate 
to soil management (to improve soil water holding capacity in the root zone) and irrigation 
practices that match water application rates to water crop demand, crop physiology and soil 
capacity. These reduce non-beneficial water losses via drainage, run-off and evaporation 
while maintaining high growth rates. 
6. Irrigation systems 
Even with the same cultivars and growing conditions, banana yields can be highly sensitive to 
the choice of irrigation application system. This may be a consequence of differences in 
uniformity of water distribution, the soil wetted area and volume, and intensity and frequency 
of application, which when combined alter the spatial distribution of root system 
development, and the convective-dispersive flow of macro and micro-nutrients (Donato et al., 
2011). The choice of irrigation system depends on numerous factors that are both site and 
context specific including degree of management, suitability to a particular farming system 
(field sizes, topography), water availability and quality, and system cost. All these factors 
therefore need to be considered before selecting a specific irrigation system. Drip irrigation 
has been reported to be the most efficient with 95% application efficiency over other methods 
compared to micro-irrigation (85%) and overhead sprinklers (60%) (Eckstein et al., 1998). In 
Israel, Lahav and Kalmer, (1989) reported that drip irrigation used the same amount of water 
as micro-sprinklers but with a reduced soil wetted volume. However, several authors have 
reported reduced water use with equal or improved yields under drip (Clark and Samajtrla, 
1996; Hanson and May, 2007). In subtropical South Africa, Robinson and Alberts, (1987) 
reported that drip irrigation was associated with a yield increment of 33% (equivalent to 40 to 
50 tons ha-1) compared to micro-sprinklers on Cavendish cv. Williams. However, drip 
irrigation does not help with evaporative cooling in the subtropics compared to micro-
sprinklers, which can reduce the canopy temperature by up to 3˚C and help to maintain a cool 
and humid microclimate to support crop growth. Drip irrigation was found to be the most 
appropriate method for meeting the water requirement of bananas, saving 42% in the mother 
plant crop and 40% in a ratoon crop, compared to conventional (surface) irrigation (Pramanik 
and Biswas, 2012). Water savings of approximately 29% under drip irrigation have also been 
reported compared to surface (flood) irrigation (Narayanamoorthy, 2003). In India, most 
banana production uses conventional surface irrigation with water use of c570 mm for the 
mother plant crop (13 months) and 330 mm for a ratoon crop (11 months) (Pramanik and 
Patra, 2016). In the silty clay loam soils of Sudan, the amount of water saved in a drip 
irrigated Cavendish cv. Grand Naine crop varied between 72% and 76% when scheduled with 
80 to 120% of crop evapotranspiration (ETc) compared to surface irrigated banana (Khalifa, 
2006). According to Ruiz-Sanchez et al. (2005), with drip irrigation in arid and semi-arid 
areas, a significant improvement in root length density can occur in the wet rootzone 
compared to other application methods. 
7. Water stress management 
Symptoms due to water stress in banana can occur at three different levels: (i) leaf level, 
involving a reduction in leaf emergence rate, loss of turgor/drooping of leaves and premature 
senescence, yellowing and drying of young leaves, (ii) plant level, observed as a reduction in 
plant height and pseudostem diameter, and (iii) bunch level, expressed as a delay in bunch 
initiation, bunch choking and reduction in yield components such as fingers and hand size. 
These crop responses to water stress can inform decisions regarding crop management. In 
addition to these general symptoms, banana responds differently to water stress at different 
growth stages. Ravi and Vaganan, (2016) noted that water stress in banana Cavendish cv. 
Grand Naine in India in the third month after planting (MAP) delayed flowering initiation by 
15-20 days without affecting bunch size. However, water stress at 5 MAP may result in poor 
bunch size with a reduction in both the size of hands and fingers. Water stress during floral 
differentiation, which occurs at around 5 MAP, may affect the number of hands, fingers per 
hand and size of fruits. In addition to fruit size and quality, water stress during flowering also 
delays the crop maturity date. In St Lucia, Holder and Gumbs, (1981) reported that 
continuous and non-limiting water supply during floral initiation and differentiation (4-5 
MAP) in banana cv. Robusta significantly increased the female flower production (34.4%) 
compared to an unirrigated treatment. These studies confirm that the critical period to avoid 
water stress is from floral initiation to physiological maturity; water stress during this time has 
the largest impact on yield (Bredell, 1970; Lassoudiere, 1978). Indeed, water stress during 
bunch development may result in poor fruit filling and lead to a reduction in fruit size and 
quality (Watson and Daniells, 1983; Mahouachi, 2007). It is clear that both commercial and 
smallholder farming operations should much greater attention to maintaining an optimum soil 
moisture at these stages. 
Water stress on banana can also be mitigated via specific management practices. These 
include better agronomic management, supplementary irrigation at critical growth stages, 
selection of suitable irrigation systems, drought tolerant cultivars and biochemical priming of 
plants (Ravi and Vaganana, 2016). Among the agronomic practices, placement of suckers at 
1.5 m depth, maintaining the optimum number of leaves (8-10) at flowering and mulching the 
planting area are considered important. Deep placement of suckers helps the roots to extract 
available soil moisture at depth during periods of water stress. Maintaining the optimum 
number of leaves at critical growth stages helps to provide more sunlight to the lower leaves 
as water loss through transpiration can be reduced under limited irrigation water availability. 
Supplementary irrigation at critical growth stages is important in low to scarce rainfall regions 
(Ravi and Vaganana, 2016; Nansamba et al., 2020). Irrigation supply to maintain 80-90% of 
total available soil moisture during 5-6 MAP is necessary if dry periods coincide with floral 
initiation and development. The irrigation interval may vary from 3 days (under high 
evaporative conditions on light low moisture retentive soils) to 15 days (under low 
evaporative conditions on high water holding capacity soils). Application of irrigation 
throughout the growing season is necessary before depletion of total available soil moisture 
reaches circa 35%. Smaller application depths applied on more frequent intervals is 
considered more beneficial compared to larger application depths with long intervals 
particularly during periods with limited rainfall. It has also been reported that banana can be 
primed to be tolerant to water stress with a foliar spray containing acetyl salicylic acid, 
butylated hydroxyltoluene and KNO3 (Ravi et al., 2014). These management practices are 
relevant to both smallholders and the large commercial plantations in helping to mitigate 
water stress impacts on yield and crop quality. 
8. Irrigation modelling 
One of the identified important future research needs is for improved crop and irrigation 
modelling based on a thorough understanding of the complexities of banana production. 
These models could serve as an evolving theoretical framework to adapt and optimize 
irrigation and to transfer knowledge to different stakeholders to enhance productivity, rural 
livelihoods and food security. The first step in the development of a banana model under sub-
optimal water and nutrient conditions was by Brisson et al. (1997). They used the phasic 
development, leaf, and root growth data for adapting a standard crop growth simulation model 
STICS (simulator multidisciplinary for crop standard) to understand the role of irrigation and 
tillage under irrigated and rainfed conditions. They found that crop water requirements were 
not affected by tillage depth in irrigated conditions; however, they were affected by tillage 
under rainfed conditions, which may be due to differences in root growth distribution and 
nitrogen uptake between shallow and deep tillage. More recently, Van Vosselen, (2005) used 
the SWAP (soil water atmosphere and plant) model to calculate water consumption in banana, 
for comparison against traditional water balance methods. The SWAP model requires 
meteorological data, crop data, soil physical and hydraulic properties data to calculate water 
consumption compared to traditional methods which only need limited field measurements 
using a simple water balance equation. They also reported that the SWAP model tended to 
under-estimate water consumption (2.8 mm day-1) compared to the conventional water 
balance approach (3.2 mm day-1). This led the authors to conclude that the traditional method 
remains a very useful option, given its limited data requirements. Several studies have also 
used the FAO CROPWAT approach for estimating banana water requirements (Karanja, 
2006; Cigales and Perez, 2011; Surendran et al., 2015). This model simulates crop water 
demand by calculating evapotranspiration under various climate, crop and soil conditions 
(Smith, 1992). 
Crop evapotranspiration (ETc) represents the combined water loss due to evaporation from the 
soil surface and transpiration from the crop, and is calculated using the crop coefficient (Kc) 
approach (Allen et al., 1998). ETc is estimated by multiplying the ET for a reference crop 
surface (ETo) by a conversion factor or crop coefficient (Kc). ETo is defined as the ET rate 
from a well-watered grass actively growing and completely covering the ground. In addition, 
Wright (1982) proposed a modified method in which the Kc values can be separated into a soil 
evaporation component (Ke) and a crop transpiration component (Kcb). The Kc components 
(Ke and Kcb) during a banana ratooning cycle are shown in Figure 2 (Santosh and Tiwari, 
2019). The Kc pattern through the ratoons shows an initial increasing trend and then 
plateauing for the mother plant crop. However, it then declines when transitioning from the 
mother plant crop to the ratoon. The soil evaporation component (Ke) decreases with age of 
plant and was relatively higher during initial developmental stages. The Kc variation during 
ratooning would therefore be helpful in developing a banana specific irrigation scheduling 
model. Studies reported that the single Kc approach underestimates ETc by up to 34% for 
soyabean compared to the dual kc approach (Majnooni-Herish et al., 2008; Odhiambo and 
Irmak, 2012). The single Kc approach is therefore often used for irrigation planning and 
design but the dual Kc approach is more relevant in the development of real time irrigation 
scheduling guidance. In terms of a banana-specific biophysical crop model, SIMBA was used 
to simulate yield, economic outputs and environmental risks from the interaction between 
banana plants, soil, water and root nematode populations (Tixier et al., 2008). The model 
simulated crop yield using a function between LAI at flowering stage and number of fruits per 
bunch. For water consumption, a simple water balance module was used but it does not 
unfortunately include an irrigation scheduling routine. 
In addition to modelling improvements, advancements in applied remote sensing-based tools 
such as satellite imagery or unmanned aerial vehicles (UAV) for estimating crop 
evapotranspiration and crop coefficients coupled with the availability of more skilful weather 
forecasting offer major opportunities for improved estimations of crop water requirements 
and irrigation scheduling. Recent advances in sensor technologies, image analysis and 
computer-based decision-making also provide major scope for improving our fundamental 
understanding of banana crop growth and development, and in support of implementing 
precision agriculture technologies to support the sustainable intensification of banana 
production. 
9. Future drivers of change 
From a commercial banana plantation perspective, the two major drivers of change in water 
management are apparent. Firstly, the socio-economics that determine supply-demand 
equilibrium for an increasing global population and the pressures this exerts on crop 
production under conditions of increasing water scarcity and competition for limited water; 
and secondly, the impacts of a changing climate, with increased temperatures and rainfall 
uncertainty on rainfed production systems due to increased evaporative demands. Improving 
the commercial prospects of water management in banana requires the appropriate 
institutional and policy interventions to facilitate innovation and technology transfer in both 
the commercial plantation and small-producer farming systems. There is an urgency for 
improved irrigation management techniques that have been evaluated under different soil 
water regimes, agroclimatic conditions and at different scales of farming operation. 
This review has highlighted the significant challenges facing the industry in maintaining 
current levels of production in the context of an increasing likelihood of water stress. Future 
policy responses and management strategies underpinned by fundamental and applied 
research need to consider (i) a greater understanding of the water stress responses of banana, 
such as leaf folding, leaf emergence rate, leaf wilting, and pseudostem height and diameter, 
which could lead to their use as indicators of water stress and triggers for farm management 
decisions; (ii) more widespread evaluation of drip (and other) irrigation technologies to 
improve irrigation efficiency; (iii) increased use of smart technologies including soil moisture 
sensors, weather stations, models and decision support tools, facilitated by embedded 
expertise from local training and extension services; (iv) improved approaches to irrigation 
scheduling to meet crop water demands, at optimum levels of water stress to enhance WUE; 
and (v) a specific focus on irrigation management during critical growth stages (floral 
initiation to fruit maturity) to maximise harvestable yield. Collectively, these strategies 
coupled with research outreach will enable commercial plantations as well as smallholders to 
transform their existing farming approaches into more productive and efficient systems with 
greater resilience to future climate and water risks. 
10. Conclusions 
Although banana constitutes one of the most economically important global agricultural 
commodities, increasing water scarcity and resource stress are posing serious constraints on 
production within both large-scale commercial and smallholder farming systems. This paper 
provides a state of the art synthesis of scientific evidence on banana agronomy to support 
better synchronization of irrigation management with agronomic crop water demand. 
Investments in more efficient application systems coupled with the adoption of precision 
technologies are being widely promoted to increase productivity and reduce the 
environmental impacts associated with poor irrigation management (notably nutrient leaching 
and deep drainage). Our findings confirm that irrigation scheduling should allow moderate 
levels of soil water deficit to accrue in order to promote deeper and more extensive rooting to 
maximise available soil water within the rootzone. However, the ratooning cycle of banana 
also impacts on rooting activity and the seasonal evolution of crop coefficients (Kc). These 
aspects warrant further research to both improve biophysical crop modelling approaches for 
banana and to support farming communities in building resilience to abiotic stress (drought). 
A combined effort from the scientific community and practitioners is urgently needed to 
ensure that future centres of banana production can remain both economic and sustainable. 
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